The metabolism of (+)-(2Z,4E)-a-ionylideneacetic acid and its 1'-hydroxyl analog in plants such as tomato, soybean, oat and rice, was investigated. After incubation with the substrates for 12 hr, the separated acidic metabolites were methylated with diazomethane and then analyzed by TLC and GLC. a-Ionylideneacetic acid was converted into 4'-oxo-aionylideneacetic acid in all the plants examined. (+)-(2Z,4E)-1'-Hydroxy-a-ionylideneacetic acid was metabolized to (2Z,4E)-dehydro-f3-ionylideneacetic acid and (+)-abscisic acid in tomato plants.
INTRODUCTION
In all the plants, (+)-(2Z,4E)-a-ionylideneacetic acid (la) and its l'-hydroxyl analog (2a) develop considerable activity to inhibit growth'' similar to that of (+)-abscisic acid (ABA), a plant hormone. In this paper their metabolism in plants was investigated to find out whether the activity was generated from the interconversion into ABA. Lehmann et aL2 previously reported that a-acid (la) was converted to 4'-oxo-a-ionylideneacetic acid (3a) in 6-day-old barley plants. 4 '-Oxo-c-acid (3a) was separated as a biosynthetic intermediate of ABA from the metabolites of ABA producing fungi Cercospora rosicola3' and C. cruenta.4' We demonstrated that a-acid (la) was metabolized in C. cruenta via its 4'-hydroxyl intermediate into ABA.5' Figure 1 shows the compounds structures.
MATERIALS AND METHODS

Substrates
(+)[2-'4C]-cc-Ionylideneacetic acid (la). The reaction of (+) -a-ionone (1.8 g) to 2.7 g of [2-14C]-methoxycarbonylmethylenetriphenyl-phosphorane6' (total radioactivity, 10.25 X 107 dpm) at 150-155C for 1.5 hr, followed by silica gel column chromatography, resulted in 1.8 g (89% yield) of (+)-(2Z,4E) and (2E,4E)methyl a-ionylideneacetates (2Z: 2E =4: 6). Alkaline hydrolysis of (2Z,4E)-ester with 5% ethanolic NaOH, followed by crystallization from acetonitrile, gave (+)-[2-14C]-a-ionylideneacetic acid (la) (500 mg, total radioactivity: 2.6 X 107 dpm), mp 87C.
(+)-[2-'4C]-(2Z, 4E)-1'-Hydroxy-a-ionylideneacetic acid (2a). The reaction of 1.5 g of (±)-1'-hydroxy-a-ionone to 2.7 g of [2-i4C]phosphorane (total radioactivity: 8.54 X 107 dpm) in 2 ml of dry xylene at 150-155C for 2 hr, followed by silica gel column chromatography, produced 1.6 g (84% yield) of [2-14C]-(2Z,4E) and (2E,4E) -methyl 1'-hydroxy-ccionylideneacetates (2Z:2E=4:6).
Alkaline hydrolysis of (2Z,4E)-ester with 5% ethanolic NaOH produced (+)-[2-14C]-(2Z,4E)-1'-hydroxy-a-ionylideneacetic acid (2a) in the form of oil (600 mg, total radioactivity: 2.85X 107 dpm). 'H-NMR of (2Z,4E)-methyl ester (2b) (100 MHz) b' M3 ppm 0.91 ( 
Analytical Method
Thin layer chromatography (TLC) was performed on silica gel (Merck 60 H, thickness: 0.25 mm) by the solvent system: benzeneethyl acetate (4: 1). Gas chromatographic (GLC) analyses were perf omed by a JEOL JGC-20K instrument with a flame ionization detector, using a 2 m>< 3 mm stainless steel column packed with 10% silicone SE-30 (column temp. 200C, N2 pressure: 0.65 kg/ cm2). Mass spectra (GC-MS) were measured by a Hitachi M-52 spectrometer (25 eV). Radioactivity was counted by a liquid scintillation spectrometer using the scintillator (toluene: McOH: PPO: POPOP=500 ml: 500 ml: 5g: 0.1g).
Plant Material
The experiments were carried out with three-month-old cuttings of tomato (Sugarlamp, a dwarf variety of Lycopersicum esculentum MILL), soybean (Norm-No. 2, a variety of Glycine Max L.), oat (Zenshin, a variety of Avena sativa L.) and rice (Honenwase, an ordinary variety of Oryzae sativa L.) plants, which had been grown in a field from May to July.
Application and Extraction Procedures
Aqueous sodium salt (30-50 mg) of the cold, or hot substrate diluted with an appropriate volume of the cold substrate was applied to the cutting areas of each plant (fresh weight: 300-500 g). The plants on paper were exposed to air until their weight decreased 20%7)and stored in a plastic bag for 12 hr (total) at room temperature. The plants were extracted with 80% methanol, which contained 0.05% of 2,6di-test-butyl p-cresol and (+)-ABA (2.0 mg) being a cold marker for the radioactive experiments. The methanolic extract was concentrated and extracted again with ethyl acetate to prepare neutral and acidic fractions following the procedure shown in Fig. 2 . The acidic fraction was methylated with diazomethane and then chromatographed on silica gel with ethyl acetate to become a methyl ester fraction. Extraction of the aqueous mother liquor with butanol produced a hydrophilic fraction, which was hydrolyzed with 1 N-HC1 for 1 hr at 60C and then with 5% NaOH for 1 hr at 60C to become another acidic fraction. The acidic fraction was treated with diazomethane to become another methyl ester fraction. The methyl ester fractions were analyzed using GLC and TLC. A methyl ester, which showed a retention time and Rf value different from those of any methyl esters obtained in the control run without a supply of the substrate, was separated from the metabolite-methyl esters by the preparative TLC (silica gel 60 PF254 Merck) and analyzed by GC-MS. The ABA methyl ester fraction was also separated from the hot methyl ester fraction by TLC, and reduced with NaBH4 in 70% ethanol to be converted to cis and traps ABA diol methyl esters,7) which were purified by TLC and counted to obtain the incorporation ratio from the substrate into ABA. 
Mass Spectra of Substrates and Their
RESULTS AND DISCUSSION
The experiments on the metabolism of aionylideneacetic acids (la) and (2a) in plants such as three-month old tomato, oat, soybean and rice, were performed in duplicate by using their 14C-labeled and unlabeled substrates. In the hot experiments, their metabolites were diluted with cold ABA and separated into different fractions using the procedure shown in Fig. 2 . The substrates (la and 2a) were mainly incorporated to acidic fractions (36-57% yield) and a hydrophilic fraction (18-33%). As the metabolites in the acidic fraction were not separated clearly on TLC due to tailing of chromatographic spots, the acidic fraction was methylated with diazomethane to become a methyl ester fraction, which was analyzed by TLC and GLC. The hydrophilic fraction, in which the metabolites derived from the substrates (la and 2a) were estimated to be mainly carbohydrate complexes, was hydrolyzed with 1 N-hydrochloric acid and then with 5 % sodium hydroxide to be converted to an acidic fraction. The retention times (tR) of the corresponding methyl esters expected to be the metabolites of a-ionylideneacetic acid, were shown in Table 1 , and their Rf values and color tests on TLC in Table 2 . The methyl ester, which showed a chromatographic behavior different from that of any methyl ester obtained in the control run, was isolated by preparative TLC and identified by GC-MS.
The results of the above experiments show that z-ionylideneacetic acid (la) was converted into 4'-oxo-a-ionylideneacetic acid (3a) in four kinds of plants; tomato, oat, soybean and rice (Tables 3 and 4 ). Although the conversion of a-acid (la) into ABA in the plants was not recognized on GLC and TLC analyses in the cold experiments, the hot experiments, using the 14C-labeled substrate, showed that a-acid (la) was incorporated into ABA in extremely low yields (0.01 % in oat and 0.08% in tomato plants). Lehmann et al.2' reported that a-acid (la) was not converted into ABA in 6-day-old barley plants. We could not find 1'-hydroxy-c -ionylideneacetic acid (2a) in the metabolites of a-acid Table 1 Retention times of methyl a-and /3-ionylideneacetates on GLC analysis with a 1 m x 3 mm 10% silicone SE-30 column (column temp. 200C, nitrogen pressure 0.65 kg/cm) i (min) of methyl a-ionylideneacetates i (min) of methyl /3-ionylideneacetates Table 2 Rf values and color tests (by heating after spraying with 5% H2SO4) of methyl ionylideneacetates on TLC (silica gel) with the solvent system with benzene-ethyl acetate (4:1).
Rf values of methyl a-ionylideneacetates
Rf values of methyl /3-ionylideneacetates Table 3 Incorporation of (+)-[2-14C]-(2Z,4E)-a-ionylideneacetic acid (la) into different fractions to metabolism in tomato and oat plants.
Tomato plants (fresh wt. 360 g)
Oat plants (fresh wt. 400 g) (la). In tomato plants, 1'-hydroxy-a-acid (2a) was converted to dehydro-/3-ionylideneacetic acid (4a) (3.1 % yield) as a dehydrated product, to 3'-oxo-/3-ionylideneacetic acid (5a) (2.1 % yield) as an allylic rearrangement product followed by oxidation, and to ABA (2.9% yield), as described in Table 5 . The ORD spectrum of the corresponding ABA methyl ester was identical with that of an authentic (+)-ABA,8' which means that the oxidation of (+)-1'hydroxy-a-acid (2a) in tomato plants proceeded enantioselectively to produce (+)-ABA. l'-Hydroxy-a-acid (2a) was also oxidized to ABA in 1.3% yield in oat and 0.7% yield in soybean plants (Tables 5 and 6 ).
Thus, the experiments suggested that the biological activity of a-acid (la) and 4'-oxo-aacid (3a) without the 1'-hydroxyl group was induced by their own activity, because the incorporation ratios of cc-acid (la) to ABA in three-month-old plants were extremely low or negligible. A possibility that ABA biosynthesis does not pass through 4'-oxo-cc-acid (1'-deoxy-ABA) (3a), implies the existence of other biosynthetic pathways of ABA in plants; for example, the oxidation of carotenoids,9' or other new C15-sesquiterpene route via y-ionylideneacetic acids, which we have recently demonstrated in the ABA producing fungus, Cercospora cruenta.10) Table 4 Conversion of (2Z, 4E)-a-ionylideneacetic acid (la) into (2Z,4E)-4'-oxo-ce-ionylideneacetic acid (3a) and ABA in soybean and rice plants.
a)
On GLC analysis of the methyl ester fraction. Table 6 Conversion of (+)-(2Z,4E)-l'-hydroxycc-ionylideneacetic acid into ABA in soybean plants.
a) On GLC analysis of the methyl ester fraction. Table 5 Incorporation of (+)-[2-14C]-(2Z,4E)-l'-hydroxy-ce-ionylideneacetic acid (2a) into different fractions of metabolites in tomato and oat plants.
Tomato plants (fresh wt. 320 g)
Oat plants (fresh wt. 360 g) a) from the acidic fraction. b) from the hydrophilic fraction.
